The rotational motions of the biamphiphilic polyenes (bolapolyenes) dimethyl all-(E)-octacosa-10, 12, 14, 16, and dimethyl all-(E)-tetratriaconta-13, 15, 17, 19, , with head-to-head distances of 34 and 42Å, respectively, have been examined by fluorescence anisotropy methods. The membrane-spanning bolapolyenes, which contain a central emitting pentaene group tethered to two methoxycarbonyl opposite polar heads by symmetric C8
Introduction
The structure and dynamics of artificial lipid bilayers made up from ordinary, single-headed phospholipid molecules have been characterized in great detail using a variety of experimental and theoretical methods [1] [2] [3] [4] [5] . Apart from their intrinsic interest, these model membranes have been successfully used to reproduce many of the physical and chemical phenomena taking place in the complex and specialized lipid matrix of natural membranes. The efficiency and characteristic time domain of the biological processes often require the lipid membrane to be in a fluid, liquid-like state. Fluidity, in this context, results from thermal fluctuations in the position (lateral and transverse) and angular orientation of individual amphiphilic lipid molecules. Lipid reorientational motions, in particular, are a complex superposition of head group oscillation, fast conformational changes of the acyl chains and wholemolecule rotation. Since these processes may take place in different time ranges, the experimental recording of the motions of bilayer lipid molecules has been carried out by a number of complementary techniques [3] [4] [5] . As a result of that, it is now possible to understand the main dynamic properties of the superstructure in terms of those of its individual components.
On the other hand, the lipid membranes of Archaebacteria, a rather unusual type of organisms, are often formed by ultrathin monolayers (∼20Å) made up from biamphiphilic ether-lipid molecules [6, 7] . These lipids (also know as bolalipids) consist of a hydrophobic skeleton joining two hydrophilic distal head groups. This specialized structure provides the bacteria with additional stability against harsh environments, while preserving the functional properties of the membrane. In addition, synthetic bolaamphiphilic molecules are currently being produced and studied in great detail, with a large variety of structures and functional groups [8] . However, specific information on the dynamic properties of both the natural and synthetic bipolar lipids is still quite limited (see Ref. [9] for a recent comprehensive review of bolalipid and monolayer dynamic properties). The lateral mobility of a fluorescent derivative of a natural tetraether bolalipid embedded in lipid bilayers has been determined by fluorescence recovering after photobleaching techniques [10] . The translational diffusion coefficient of this biamphiphilic molecule was not very different (∼70%) from that of a regular single-headed phospholipid. Similar studies concerning biamphiphile rotational motions have not been carried out, as far as we are aware.
The methods of time-resolved fluorescence depolarization, which are frequently used to characterize the angular motions of lipid probes in artificial bilayers and cell membranes [11] [12] [13] [14] , may also be applied to the study of bolaamphiphile rotational dynamics. Briefly, the method is based on recording the ns decay of the fluorescence anisotropy, r(t), of a lipophilic probe molecule embedded in the bilayer. In the simplest case, it is observed that the anisotropy decays down to a time-independent value, r∞ (in the ns range). The kinetic parameters of the decay (anisotropy relaxation times, ϕi) depend on the rate of angular motions [13] [14] [15] [16] [17] of the probe (rotational diffusion constant, Dr), while the r∞ value is related to the ordering effect of the bilayer structure on the emitting group [18] [19] [20] . The interpretation of this kind of experiments is simpler for rigid, rod-like fluorophores with electronic transition moments parallel to the long molecular axis and with a well-defined transverse location in the bilayer. Fluorescent polyenes that closely approach these properties are charged analogs of 1,6-diphenyl-1,3,5-hexatriene [21] and the linear 3 single-headed polyenes parinaric [22] and t-COPA [23, 24] fatty acids, with four and five conjugated double bonds, respectively. With the purpose of determining the dynamic properties of bolaamphiphilic lipids based on these methods, we synthesized [25] several emitting bolalipid analogs, with a central polyene system linked to α,ω polar headgroups by symmetric polymethylene connectors (Scheme 1).
Short polyenes, with four or five conjugated double bonds, are weak emitters and may photodegrade under intense irradiation. However, these groups introduce a minimum perturbation in the lipid system [23, 24] , compared with standard lipophilic polyaromatic tags. For the present study we selected two bipolar α,ω-di(methoxycarbonyl) analogs of the pentaene fatty acid t-COPA, code-named DE28:5 and DE34:5 (the numbers before and after the colon indicate, respectively, the total number of carbon atoms and the conjugated double bonds of the molecule, see Scheme 1).
The distance between the α,ω-methoxycarbonyl groups of the transmembrane probes was designed as to match approximately the thickness of typical phospholipid bilayers. The steady-state and time-resolved fluorescence anisotropy of the biamphiphilic polyenes in large unilamellar vesicles (LUVs) made up from 1,2-dimiristoyl-sn-glycero-3-phosphatidylcholine (DMPC) or 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) were studied here at several temperatures, and compared with that of the single-headed amphiphilic probe t-COPA. In this way, the rotational diffusion constants of the bolapolyenes in the lipid bilayer and the anchoring effect of the symmetric polar heads on the lipid dynamics could be determined.
Materials and methods

Materials
Fluorescent biamphiphilic diesters DE28:5, DE34:5 and other polyene analogs were synthesized and purified as described in detail elsewhere [25] . The monopolar amphiphilic pentaenoic acid t-COPA was synthesized as described before [26] . Synthetic phospholipids DMPC and DPPC were from Sigma (St. Louis, Mo., USA) and were used as received. contained a probe:lipid molar ratio in the range 1 : 300-1 : 500, as determined from absorption measurements; the incorporation of DE34:5 was, however, somewhat more erratic, due probab by to the limited solubility of the bolapolyenes in these lipids. The spectroscopic measurements were carried out immediately after sample preparation.
Methods
Absorption measurements were run on a Varian Cary 3E spectrophotometer, fitted with a Peltier temperature controller. Steady-state corrected fluorescence intensity and anisotropy (rs) measurements were recorded in a SLM 8000D spectrofluorimeter [23] . Timeresolved intensity and polarization measurements were performed with the time-correlated single-photon counting technique.
Excitation (λexc=310-315nm) was produced by third harmonic conversion of 1ps pulses from a Ti:saphire mode-locked laser The experimental anisotropy is given by:
5 where G is a scaling factor that accounts for differences in counting times and detector efficiency for the two polarized intensities.
The G factor was determined by normalizing the total count number under the R(t) experimental trace to match the value of the steady-state anisotropy of the sample separately measured [27] , and varied in the 0.99-1.02 range.
Analysis of fluorescence intensity and anisotropy decay times
The decay of the fluorescence intensity I was best fitted to the sum of two exponential functions, i(t)=a1 exp(−t / τ1)+a2 exp(−t / τ2), by iterative convolution, using non-linear leastsquares methods from the Globals Unlimited (Urbana, ILL) generalpurpose program [28] . The anisotropy decay function r(t) was computed by simultaneous analysis of the two polarized components of the emission, introducing the lifetime data as fixed parameters and using the same routines. The anisotropy decay corresponding to the lipid bilayer fluid phase was fitted to a three-exponential numerical expression:
in which r0 is the theoretical anisotropy of the emitting polyene (i.e., the anisotropy value in absence of any depolarizing process), r∞ is the residual anisotropy at t→∞, ϕi are correlation times, and βi the normalized amplitudes: Σβi=1. The r0 value, which is a spectroscopic property of the conjugated pentaene system, was taken as that determined experimentally for the amphiphilic probe t-COPA (0.385± 0.005) [23] and introduced as a fixed parameter in the fitting routines. The quality of lifetime and anisotropy fits was compounds that can be incorporated into lipid bilayers of DMPC or DPPC. However, if the carboxylic groups are replaced by the corresponding methyl ester groups, the solubility increases considerably, and no apparent changes were observed in the absorption, emission and lifetime parameters (data not shown). Therefore, the spectral and dynamic characterization of the bolapolyenes, both in pure solvents and in lipid bilayers, was carried out here with the more soluble methyl ester derivatives. Representative absorption and fluorescence spectra of the conjugated pentaene diester DE28:5, incorporated into LUVs of DMPC (ca. 100nm diametre, 1:400 probe / lipid molar ratio) are shown in Fig. 1 ; Table 1 lists absorption and emission properties of this compound together with those of bolapolyenes containing 4 and 6 conjugated double bonds, for comparison. At the resolution used here, the structured absorption spectra of the tetraene and pentaene biamphiphiles are virtually identical to those of the corresponding parinaric and t-COPA fatty acids mentioned above [22, 23] , and are not affected by the length of the hydrophobic chain connecting the polyene system with the two methoxycarbonyl headgroups (from C8 to C11). In addition, the absorption spectra recorded in bilayers are the same as those in fluid solvents, apart from the expected small shifts (≤2nm) due to the effect of solvent polarizability [22, 23] . This excludes the presence of bolapolyene aggregates within the bilayer. The fluorescence emission of the bolapolyenes, both in solution and in lipid bilayers, consists of a broad band ( Fig. 1) with a large Stokes shift (∼7000cm-1). As in the case of the absorption spectra, the shape [23, 29] . When the temperature is increased up to that of the bilayer liquid-crystal phase, the anisotropy decreases down to a very low value, indicating a large mobility of the polyene. The anisotropy change as a function of temperature is shown in Fig. 2 , together with that of the amphiphilic probe t-COPA in similar conditions, for comparison. A sharp drop in the rs value occurs at the main lipid phase transition temperature (23.5 and 41°C for DMPC and DPPC, respectively), indicating that polyene mobility accurately follows the changes in order and dynamics of the bilayer. The anisotropy changes of the monopolar and bipolar probes are very similar, the only important difference being the somewhat higher rs value of the DE28:5 analog in the fluid phase.
Time-resolved fluorescence intensity and anisotropy
The decay of the fluorescence intensity of the biamphiphilic polyenes DE28:5 and DE34:5 was recorded in LUVs of DMPC at temperatures corresponding to the gel and fluid phases. The emission traces were well fitted to a two-exponential function (Table 2), with lifetime values somewhat different from those of the amphiphilic pentaene t-COPA [23] . The slowest component of the emission decay accounts for ∼98% of the total stationary fluorescence intensity, and shows only a modest change as a function of the lipid thermal phase, that explains the corresponding small temperature dependence of the quantum yield. The relatively large value of this dominant lifetime is consistent with the forbidden character of the condensed-phase fluorescence transition in these polyenes (v. infra) [30, 31] . The decay of the fluorescence anisotropy of the bolapolyenes was also recorded in LUV vesicles of DMPC at temperatures corresponding to the gel and fluid lipid phase. Representative decay traces for DE28:5 are shown in Fig. 3 , where it can be observed that the anisotropy value in the gel phase (12°C) remains unchanged along the fluorescence lifetime of the pentaene chromophore. The small decay component in the first ns could only be estimated (see Methods). In the fluid, liquidcrystalline phase, the bipolar polyene shows a large mobility, which is reflected by a complex decay of the anisotropy (Table 3) down to a small residual value (r∞). The decay of the longer probe DE34:5 was also very similar. In both cases, the time-dependent part of the experimental traces extends over almost two orders of magnitude (from fractions to tens of nanoseconds) and required a three-exponential function to be fitted with good statistics. Within the present accuracy, the anisotropy decay was the same for the 8 two lifetime components (non-associative model). The data corresponding to the monopolar probe t-COPA, recorded at 31°C in similar lipid vesicles [23] , were also included in Table 3 for comparison. Although the excitation pulse length used in Ref. [23] limited the timeresolution of the t-COPA experiments, it can be seen that the value of the correlation time ϕ3 is a factor of two slower in the case of the bolapolyenes.
4. Discussion
Transmembrane orientation of the biamphiphilic polyenes in lipid bilayers
The distance between the two opposite ester groups in the fully stretched conformation of the bolapolyenes DE28:5 and DE34:5 is 34 and 42Å, respectively, as estimated from standard bond lengths and angles. These values are very similar to those obtained from more elaborated techniques (MOPAC 93 energy minimization) [32] . The length of the linear chain was designed as to span the thickness of typical fluid-phase bilayers (for example, the head-to-head distance is ∼36Å in a DMPC fluidphase bilayer [33] ).
Therefore, a plausible orientation of the bolapolyenes in DMPC or DPPC spherical vesicles would be spanning the bilayer, with the conjugated pentaene system aligned with the phospholipid acyl chains and located in the middle, hydrocarbon-like part of the membrane, as pictured in Scheme 1. The large change in the steady-state anisotropy of the polyenes occurring at the lipid thermal transition temperature (Fig. 2) is an indirect indication of this specific orientation. Such a large decrease of fluorescence polarization would be unlikely if the polyene group were located in a peripheral orientation at or near the membrane surface. Moreover, a membrane-spanning orientation is also consistent with the observed blue shift of the polyene absorption band in the bilayer, compared with a chloroform solution (Table 1) , which is indicative of a lower polarizability microenvironment in the first case [23] .
A more direct evidence of the transmembrane alignment of the bolapolyenes can be obtained by polarized two-photon fluorescence microscopy techniques [34] . In this way it could be shown that the fluorescence transition moment of the polyene DE24:5 in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine giant vesicles is, on the average, aligned parallel to the phospholipid acyl chains [25a] . This should be also the orientation of the polyene group, since the electronic transition moment is nearly parallel to the polyene long axis [29, 35] . Moreover, these experiments also excluded a bent conformation in which both head groups of the polyene are localized on the same face of the bilayer.
Photophysics of the polyene biamphiphilic probes
The spectral features observed in the 200-700nm range in low viscosity solvents are, of course, due to the central polyene system, because the long saturated polymethylene chains prevent any electronic interaction between pentaene and methoxycarbonyl groups.
Therefore, the strong first absorption band is assigned to the allowed transition to the second excited singlet state, 1Bu←1Ag, in a symmetric planar pentaene [29] [30] [31] . It is well known that this transition is sensitive to solvent polarizability, shifting to lower energies as the solvent polarizability increases [23, 29] . This may explain the small absorption shifts mentioned above (Table 1) , as well as that taking place (∼2nm, data not shown) when the bilayer changes from fluid to the high-density gel phase (higher polarizability). The fluorescence emission arises from the 2 1Ag→1 1Ag forbidden transition [29] [30] [31] , which is insensitive to solvent polarizability. The absorption and emission transition moment orientation are coincident and nearly parallel to the long axis of the polyene system [20, 35] .
Dynamics of bolaamphiphiles in the bilayer
The steady-state anisotropy value of DE28:5 and DE34:5 in a gel-phase lipid bilayer is close to that of a completely immobilized pentaene (0.385) [23] , indicating an extremely rigid conformation of the ester molecules in these conditions. In contrast, the low anisotropy value in the liquid-crystal phase corresponds to a highly mobile fluorophore. Since the emitting group is anchored to both sides of the bilayer by the polar ester heads, its large-amplitude reorientational motions must be accompanied by important lateral and transverse shifts of the chains and headgroups of the bolapolyene (Scheme 1). The higher rs values of DE28:5, compared to those of DE34:5 ( Fig. 2) , in the lipid fluid-phase originate from a somewhat more restricted polyene mobility of the shorter-chain compound (v. infra). This small difference is not strongly sensitive to hydrophobic mismatch between DE28:5 bolapolyene length (∼34Å) and bilayer thickness (∼36Å), which should increase in the thicker DPPC bilayer (∼41Å, [33] ). The changes in anisotropy of the pentaene amphiphilic probe t-COPAwere also included in Fig. 2 for comparison. The similarity between the steady-state values of mono-and bipolar (DE34:5) polyenes in fluid-phase bilayers is only accidental, as can be seen from the time-resolved data. In fact, the depolarization kinetics of the bolapolyene contains a relaxation time (ϕ3) of ∼11ns (Table 3) , which is a factor of two slower than that of the monopolar probe. On the other hand, the correlation times ϕ1 and ϕ2 are similar to those of t-COPA and, most likely, originate in conformational fluctuations of the saturated hydrocarbon chain extending over one or a few single bonds (e.g., trans/gauche isomerization). These motions are not expected to be greatly different in the monopolar and bipolar compounds.
According to that, the correlation time ϕ3 may be assigned to the tilting motions of the complete molecule, since the overall reorientation of the bolapolyene is expected to be substantially slower than that of the monopolar compound. The similarity between steady-state anisotropy values noted above arises from the compensation of the different correlation times, fluorescence lifetimes and residual anisotropy of the two polyenes. The multiple correlation times recorded for the bolapolyenes in lipid bilayers span a time range from hundreds of picoseconds to tens of ns. The interpretation of this complex dynamics in terms of rotational diffusion coefficients requires first assigning a physical model to each depolarizing process. In the 'compound motion' model [36] , the reorientational motion of a fluorescent probe in a bilayer is approximated by the superposition of fast local motions of the probe in a lipid 'cage', and by a slower rotation of the cage within the bilayer. The probe motion in the first case is analytically approximated by the wobble-in-cone model, in which the molecule diffuses freely confined to a conical space [15, 16] . The slower motion of the cage is represented by a Brownian Rotational Diffusion (BRD) taking place in an orienting potential [17] .As would be expected, fitting the resulting complex analytical expression to the probe anisotropy decay requires the optimization of five adjustable parameters. A meaningful application of this model is only possible when the experimental anisotropy decay traces show a very high signal/noise ratio, which is not the case here. Instead, the dynamics of the bolapolyenes and of their immediate lipid environment would be interpreted by comparing the angular motions of the mono-and biamphiphilic pentaenes. This can be done in a simple way by assuming that the bipolar probe diffuses freely in a Gaussian-shaped angular potential [37] [38] [39] , as in the case of t-COPA [23] . In this approach, the average relaxation time <ϕ> can be obtained from the area under the multiexponential anisotropy decay curve, Eq. (2), by the expression:
The <ϕ> value is related to the average rotational diffusion constant D⊥ around an axis perpendicular to the long molecular axis of the emitting pentaene group by the expression:
in which σG is a parameter that depends on the Gaussian-shaped potential restricting the probe angular oscillation. Numerical values of σG as a function of the r∞/ r0 experimental value can be obtained from a polynomial approximation [23] to the data of Kinoshita et al. [39] , as follows:
Finally, the angle amplitude of the Gaussian 'cone' θG can be found from the experimental value of the order parameter Sp [38] .
The experimental and derived quantities are listed in Table 4 , and clearly indicate that: i) the rate of reorientationalmotion of the transmembrane biamphiphiles as measured by the D⊥ value is only a 30%of that of t-COPA; and ii) the equilibriumorientational distribution of the bipolar probes is highly disordered, with cone semi-angles of 50-56°, similar to that of the monopolar pentaene.
Since the conjugated pentaene group is not flexible, the large angular oscillation of the bipolar probes must be coupled to very fast (ns) lateral and transverse displacements of the polar headgroups of 2-5Å amplitude (Scheme 1). The r.m.s. amplitude of the lateral and verticalmotions of the polar headgroups, estimated in a relatively model-independent way from the order parameter expression, also yields similar amplitude values. These simple computations indicate that the fluorescent bolapolyenes highfrequency oscillatory motions take place in a very low friction microenvironment ('slip' regime). Moreover, it is shown that the polymethylene chains that anchor the polyene group to the two opposite bilayer surfaces largely decrease the wobbling rate of the emitting group, but do not restrict the angular amplitude of these motions.
The novel technique of single-molecule anisotropy imaging may yield a more direct measurement of D⊥ values for phospholipids tagged with fluorescent dyes. In this way a value of D⊥ of 0.07rad2 ns−1 has been found [40] for the diffusion constant of a tetramethylrhodamine dye tethered to the polar head of a phospholipid molecule dissolved in a bilayer of POPC at 22°C. The coincidence of this value with that of t-COPA (Table 4 ) is likely to be accidental, because the depolarizing motions are different in the two molecules. Theoretical simulations of the depolarizing motions of bolalipids are not yet available, as far as we are aware.
However, detailed simulations have been carried out on the ns rotational diffusion of an amphiphilic probe immersed in a lipid bilayer, using Brownian dynamics methods [41] in which an extended computational time-range (hundreds of ns) compensates the loss of molecular detail. These simulations reproduce qualitatively the kinetic features of the monopolar polyene reorientation mentioned above. On the other hand, Molecular Dynamics (MD) simulations, which should be capable, in principle, of yielding an accurate description of probe dynamics down to atom resolution, still are limited by a reduced computation time range [2] . In a recent study of this kind [42] , the rotational mobility of individual phospholipid molecules of a DMPC bilayer was analyzed along 3ns, giving a value of D⊥=25rad2 ns−1 for the rotational diffusion constant of each of the two C14 lipid chains, at large variance with the experimental t-COPA value of 0.07 rad2 ns−1 (Table 4) . Moreover, the predicted value of D⊥ for the polar group rotation was 2.2rad2 ns−1, which also departs considerably from the experimental one as measured by single molecule imaging [40] . The source of these discrepancies is thought to be the reduced time-scale of the MD simulations [2] .
Conclusions
The average nanosecond rotational diffusion constant of transmembrane bolapolyenes in fluid bilayers of DMPC has been found to be only 1/3 of that of the parent monopolar polyene probe, due most likely to the anchoring effect of the two polar headgroups; in contrast, the fast localized dynamics of the long polymethylene connectors is very similar in both cases. In addition, a large angular amplitude of the rotational motions of the polyene group (θhalf-cone≈50°) was recorded, indicating weak frictional forces and lack of orientational restrictions of the bilayer midplane for the partially flexible bolaamphiphile structure. As a result of that, lateral excursions of the polar headgroups of the bolapolyenes, parallel and perpendicular to the bilayer surface and with 2-5Å amplitude, must also occur in the ns time-range, to allow for the large angular mobility of the polyene emitting group. The experiments reported here also indicate that the microscopic fluid properties of a bolalipid monolayer membrane may not be substantially different from those of ordinary lipid bilayers.
